/?-Lactam A ntibiotics, Stable Oxapenem-3-carboxylic Acids, X-Ray N ovel antibacterially active oxapenem-carboxylic acids were prepared. Their increased sta bility depends on the 2-tert-butyl substituent and arises from its electron releasing inductive effect. The geometry and reactivity o f oxapenems are discussed on the basis o f two X-ray structure determ inations and compared to those o f related antibiotics.
Introduction
In 1988, the /M actam antibiotics accounted for more than two thirds o f the world-wide antibacte rial m arket sales and the penicillins and cephalo sporins were the most popular members in the therapy o f bacterial infection diseases [1] . Growing resistance o f some bacteria against these classical antibiotics has prom oted the search for other antibacterials. This has led to the discovery of the so-called nonclassical /Mactams [2] . Two mile stones in this development were the isolation of thienamycin [3] , a natural com pound of superior activity and that o f clavulanic acid [4] , a potent betalactam ase inhibitor. On the other hand, ef forts have been undertaken to provide /Mactam antibiotics o f unusual structures by chemical syn thesis [5] .
A promising class o f such compounds, the oxapenem-3-carboxylic acids was discovered [6] in 1978 and later several preparations o f 6-mono-or un substituted oxapenem esters have been reported [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , In most cases the authors pointed to the extreme lability of these com pounds and some derivatives could not be purified [8, 14, 16] . M ore recently, a relatively stable sodium oxapenem- 3-carboxylate has been prepared by Japanese chemists [17] .
C O O K 1a
The salt la was reported to be a more powerful inhibitor than clavulanic acid of isolated staphylo coccal penicillinase PC 1 and o f P99 cephalosporinase from Enterobacter cloacae. It was, however, too unstable in aqueous solution to determine its antibacterial activity or its synergy with penicillin against intact bacteria [7] .
Results and Discussion
With the idea to stabilize com pound la and to retain its betalactam ase inhibitory properties, we started a systematic study of the oxapenems using various model com pounds l b -l h in 1983 [18] .
The racemic model com pounds l b -l h were pre pared according to the following scheme (M ethod A). F or this preparation a Hg2+ mediated cyclization was used as key step. A related process* has been applied for a synthesis o f benzooxacephems [19] . 
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LiN Starting with 4-acetoxyazetidinone 2 (R 1 = R 2 = C H 3) [20] the highly substituted oxapenem-/7-nitrobenzyl esters 6 were obtained in good yields. However, during the preparation of the low substituted oxapenem-3-carboxylic acid lh (R 1 = R 2 = H), the thermal cyclization step 5^-6 was accompanied by substantial decomposition of the sensitive oxapenem system. Therefore, by pref erence, this com pound was prepared according to the method of Eglington et al. [8] (M ethod B). 
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Having these com pounds in hand, we deter mined the stability o f l b -lh in aqueous phosphate buffer o f pH 7.4 at 37 °C by UV spectroscopy, ac cording to our established m ethod with penems [21] . It was found (Table I ) that, with increasing al kyl substitution o f the oxapenem nucleus, the hy drolysis half life was substantially increased. As for 6-substitutions, this effect was already known from the field of penems [22] , However, the ob served stabilization with 2 -substituents, especially that with the tert-butyl group, was most surpris ing. Investigation of the novel 2-alkyl substituted so dium oxapenem-carboxylates l b -l h by the agar diffusion method revealed that, in contrast to the above mentioned labile 2-ethyl derivative la , the com pounds le , lg or lh , having a 2 -/er/-butyl group, as well as I f with a 2 -(chloro-/err-butyl) group, were biologically active against intact bac teria. It was found that the 6-unsubstituted and the 6-methyl-oxapenems lh and lg were the most ac tive com pounds o f the above mentioned series, being equally effective against Staphylococcus au reus DSM 1104, penicillin resistant Staph, aureus 25466 and Escherichia coli DSM 1103 (see Fig. 1 ).
The increase in hydrolysis stability o f the oxape nem system by bulky 2 -substituents led us to inves tigate this surprising effect. Consequently, 6 b and 6 e, two o f the crystalline oxapenem-carboxylic acid />-nitrobenzyl esters, were investigated by X-ray analyses. It was anticipated that the geome try of the oxapenem esters 6 b and 6 e would not be dramatically changed during the deprotection step leading to lb and le . We hoped that the investiga tion of com pounds 6 b (R 3 = C H 3) and 6 e (R 3 = tert-butyl) would provide a significant difference in molecular structures, allowing eventually to ex plain the lower hydrolysis reactivity of le . H ow ever, no such significant difference of the molecu lar data (bond lengths and angels) was observed and surprisingly, the bulky ter/-butyl substitution did not lead to a considerable out-of-plane-distortion of the double bond substituents. This led us to the conclusion, that other than geometric factors cause the dram atic increase in hydrolysis half life observed with the tert-butyl substituted oxapenems. Penicillin V S train P en icillin r e s is t a n t S ta p h , a u r e u s
The high reactivity of bicyclic /Mactams has been associated with their pyramidal character. The pyramid is defined by the nitrogen atom (apex) and the atomic neighbours (basis). As the orbital on nitrogen is no longer parallel to that of the amide carbonyl, the free nitrogen electron pair cannot enter into a stabilizing amide resonance as it does with monocyclic or noncyclic amides. Con sequently, the C -N bond has diminished double bond character, leading to increased electrophilicity. In addition, the amide C = 0 bond becomes shorter with increasing height of the pyramid, leading to a higher IR stretching frequency.
Such increased C -N and decreased C = 0 bond lengths can indeed be observed with the X-ray models and can be deduced from the IR spectra of the investigated oxapenems. As expected, due to the oxazoline ring being smaller than the other re levant 5-membered heterocycles, the pyramidalities of the oxapenems are more pronounced than those o f the other related bicyclic /Mactams (Ta ble II). The extraordinarily high reactivity of the 2-methyl or 2-ethyl substituted oxapenems can be explained on this basis. However, the increased hy drolytic stability of the corresponding tert-butyl compounds is not obvious from these results. Table II A nother possible (destabilizing) effect in oxapenems and related substances arises from the con tribution o f the C = C bond. This leads to an enamine resonance which restricts the (stabilizing) amide resonance and increases ^-lactam reactivity as shown in the following scheme:
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It was assumed, therefore, that the inductive ef fect o f the tert-butyl group causes the decrease of /Mactam reactivity. As depicted above, an induc tively electron releasing group R 3 should indeed restrict the enamine resonance and lead to more stable oxapenems.
To prove this hypothesis we prepared another model com pound If, the chloro-/er/-butyl group o f which is even more bulky than the tert-butyl group o f le. On the other hand, the additional electron attracting chlorine substituent makes I f electronically different from le. Consequently, a com parison o f the hydrolysis half lives of If and le would allow to determine whether the steric or in ductive effect o f substituent R 3 predominates. The reduced h alf life (9 h) of the chlorinated oxapenem If, com pared to that (29.5 h) of le (Table I) 
Preparation o f sodium oxapenem -3-carboxylates
To a stirred solution o f 2 [20] (125 mmol) and ter/-butyl-m ercaptan (12.4 g, 15.6 ml, 137 mmol) in dry T H F (100 ml) at 0 °C was slowly added l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (20.9 g, 20.6 ml, 137 mmol) in order that the reaction tem perature did not exceed 0 °C. After additional stir ring for 2 h at 0 °C the yellow solution was stirred overnight at room tem perature, methylene chlo ride (500 ml) added and the resulting solution washed four times with portions (100 ml) of 2N HC1, twice with saturated N a H C 0 3 solution (100 ml portions) and with saturated NaCl solu tion (100 ml). The organic layer was dried over M gS 04 and the solvent removed in vacuo. The crude product was chrom atographed on silica gel (400 g, 6 3 -2 0 0 ^m ) with toluene-ethyl acetate 
p-N itrobenzyl ( 4-tert-butylthio-2-oxo-l-azetidinyl)-
To a stirred solution of 3 (25 mmol) in dry T H F (110 ml) and dry D M F (15 ml) at -7 8 °C within 5 min a IN solution (27.5 mmol) o f lithium[bis-(trimethylsilyl)]amide was added under nitrogen by a syringe through a septum. Immediately after addition of the base a solution o f / 7-nitrobenzyl iodoacetate (25 mmol) in dry D M F (30 ml) was added within 5 min and the reaction mixture al lowed to stir for 2 h at -4 0 °C to -3 0 °C. A redbrown suspension was thus formed. Dry ether (600 ml) was added, the suspension filtered and the filtrate washed twice with portions of 2 0 % aqueous NaCl solution (400 ml). The aqueous phases were reextracted with ether (200 ml) and the combined organic extracts dried over M gS04, filtered and the solvent removed in vacuo, leaving crude 4. It was chromatographed on silica gel (63-200 /zm) with toluene/ethyl acetate 4 :1 to give pure 4. 
p-N itrobenzyl 2-(4-tert-butylthio-3,3-dime thy l-2-oxo-1 -azetidinyl) -3-hydroxybut-2-enoate
To a stirred mixture of 4 b -d (2.0 mmol) in dry TH F (6 ml) at -7 8 °C a 1 N solution o f lithium[bis-(trimethylsilyl)]amide (4.2 ml) was added within 5 min and immediately after addition o f the base a solution of acid chloride (2.0 mmol) in dry TH F (6 ml) was added at -7 8 °C where upon the initially dark reaction mixture turned yellow. The reaction mixture was allowed to stir for 40 min at -7 8 °C and after removal of the cooling bath ace tic acid (180 //l) was added. The reaction mixture was diluted with toluene (200 ml) and the resulting solution washed with 20% aqueous NaCl (100 ml), 2N HC1 (100 ml) and again with 20% NaCl (100 ml). The aqueous layers were reextract ed with toluene (50 ml) and the combined organic solutions dried over M gS 04, filtered and the sol vent was removed in vacuo. The orange viscous crude product was chrom atographed on silica gel (50 g) using toluene/ethyl acetate (4:1) affording pure enol 5. 
p-Nitrobenzyl 2-(4-tert-butylthio-2-oxo-l-azetidinyl)-4 ,4-dimethyl-S-oxopentanoates 5e ( R 1 -R 2 = C H }, R3 = tert-butyl, 5g ( R ' = C H 3, R 2 = H , R 3 = tertbutyl) a n d5h ( R ' -R : = H, R 3 = tert-butyl) and -5-chloro-4,4-dimethvl-3-oxopentanoate 5 f ( R ' = R 2 = C H 3, R 3 = C (C H 3) 2C H 2Cl)
To a stirred mixture of 4 e -h (1 mmol) and acid chloride (1.08 mmol) in dry T H F (12 ml) at -7 8 °C a IN solution of lithium [bis(trimethylsilyl)]amide in T H F (2.2 ml, 2.2 mmol) was added within 5 min and the orange-red mixture stirred for 1 h at -7 0 °C. The reaction mixture was diluted with toluene (40 ml) and the obtained solution washed subsequently with 2 N HC1 (30 ml) and twice with portions (40 ml) of saturated NaCl so lution. The aqueous phases were reextracted with toluene (20 
p-Nitrobenzyl 7-oxo-4-oxa-l-azabicyclo[3.2.0Jhept-2-ene-2-carboxylates
To a solution of 5 b -f or 5h (2.0 mmol) in dry dimethoxyethane (460 ml) yellow mercuric (II) oxide (5 mmol) and mercuric (II) chloride (5 mmol) were added and the mixture refluxed for 1.5 to 3 h. After cooling the reaction mixture was fil tered through Cellite in order to remove insoluble mercuric salts and the filtrate was evaporated in vacuo to a volume o f approx. 50 ml. Benzene (500 ml) was then added and the mixture left for 2 d at 0 °C where upon some insoluble material deposited. After filtration, the obtained clear solu tion was subsequently washed with saturated NaCl solution (250 ml), 0.5 M phosphate buffer pH 7 (250 ml) and again with saturated N aCl solu tion (250 ml). The aqueous phases were reextract ed with benzene (100 ml). The combined organic solutions were dried over M gS 04, filtered, the fil trate evaporated to a volume of approx. 50 ml and the resulting solution stored at 0 °C. Some addi tional deposited material was removed by filtra tion and the filtrate evaporated in vacuo leaving a yellow, slightly turbid oil. For purification and re moval of ultimately deposited mercuric salts the crude material was chrom atographed on Florisil (25 g) with toluene/ethyl acetate 7:1 (5 ml frac tions) and afforded pure 6. 6b ( 
In a hydrogenation apparatus fitted with a rub ber septum and magnetic stirrer a mixture of 4.7 mg (56/zmol) N a H C 0 3 in water (1ml), ethyl acetate (2 ml), 10% Pd on C (30 mg) was prehy drogenated at 0 °C. After 5 min the uptake of H , ended and a solution o f 6 (50 /imol) in ethyl ace tate (1 ml) was added at 0 °C through the septum by a syringe. Within 20 min 5.4 ml of H 2 was taken up (theoretical volume: 4.6 ml). The reaction mix ture was diluted with ethyl acetate (2 ml) and re moved from the catalyst by filtration through a glass filter. The organic layer was removed and the aqueous phase washed twice with portions ( 1 ml) of ethyl acetate. Residual ethyl acetate was re moved from the aqueous layer by short evacuation at 13 Torr. A 10 /A sample o f the aqueous layer was diluted in a quartz UV cell with water (2.7 ml) and the extinction at 260 nm m easured in a UV-spectrometer. Lyophilisation in vacuo (10-3 Torr) at -2 0 °C afforded pure 1 as noncrystalline voluminous and colourless powder. The product was stored at -8 0 °C. From the organic phases /?-toluidine could be identified by TLC.
lb (R 1 = R 2 = R 3 = C H 3): yield after lyophilisation 79%. 
